ABSTRACT
INTRODUCTION
The utility of simulation for the design and analysis of complex systems has been well documented (Pegden et al. 90) .
Workflow systems are an emerging infrastructure technology that facilitates the execution and control of work in real time.
There are several advanced tools that support simulation and workflow. However, there is a dearth of robust support to integrate simulation with workflow systems. This paper presents the architecture of a Workjlow Analysis and Design Environment (WADE) that will provide robust support for simulation-based design of next-generation workflow systems. We will illustrate the architecture's utility by showing its use to design and analyze the workflow of a material ordering and control system. Workflow systems provide operational semantics to process descriptions. In a word, they "execute" process models. Different workflow "engines" execute different process models. Different process models focus on different aspects of processes. Some are designed for complex decision making and therefore encapsulate rules and logic needed for decision support, while other process models work with relatively routine and recurring processes and incorporate greater detail about individual activities within the process. Workflow systems are limited by tie nature of the process models they suppom. highly repetitive tasks vs. ad-hoc kinds of processes.
Workflow systems also provide varying levels of both exception handling and monitoring and management reporting capabilities. Some workflow systems are integrated with Graphical User Interfaces (GUIS) or forms packages, some with imaging systems, Some workflow systems manage application data while others do not. No one workflow system is equally strong in all areas (BuNer and Jablonski 1994 , Cleetus 1994 , McCarthy et al. 1993 . Workflow systems can be divided into what we can call "departmental" systems and "enterprise" systems.
Departmental systems are usually built aroundl a central workflow server which contains a database of process descriptions and the workflow engine. Clients execute the activities in the workflow process as specified by the workflow process description at the server. Enterprise systems are more often Electronic Mail based. Often, the workflow process description is passed from client to client along with the speeific work. used to execute the work within the context of an information system (a set of applications). The relationship between business process models, workflow models and the analysis data generated ffom these models is summarized in Figure 1 .~~+ If the requested item is available (that is, in "stock"), the item is issued out and the inventory records are updated. If, on the other hand, the material is not available, a vendor is identified and a purchase order is generated and sent out to the supplier(s).
Once the ordered material is received, it is sent to the requester.
The finance department then makes payment for the purchased material.
Suppose that the purchase manager at XYZ would like to 1) model the procurement process, 2) analyze the process for determining improvement opportunities, 3)
design an enhanced procurement process based on the simulation-based analysis, 4) model the workflow process, 5) use simulation analysis to improve the workflow process, 6) build a workflow execution model to automate the process, 7) use data generated through the execution of work (and recorded by the worktlow "engine") to control the work, and 8) analyze the work data (generated by the execution of work) to determine potential improvements to the workflow process. that WADE provides for these activities.
Acquire Business Process Descriptions
The knowledge of the focus business processes must be acquired from domain experts and stored in a representation format. WADE facilitates the acquisition of this information using the IDEF3 process description capture language (KBSI 1992 A valid model is one that satisfies the gords for which it is built. With reference to the WADE concept of operation, the product of the description acquisition activity is independent of the modeling goals. In the procurement example, the goal of building the business process model is to analyze the process to determine improvement opportunities.
Here, we use business process model to refer to the discrete-event simulation model developed from the business process description.
Design Business Process Simulation Model
Designing a business process simulation model starting from a business process description involves several inter-related model design activities such as identifying Thus, the name of the entity that participates in this activity is "Material," the name of the Resource that is needed to perform this activity is "Receiving Officer,"
and the duration of the activity is 10 minutes. After the simulation model has been designed, it is converted to a target simulation language.
Execute Business Process Simulation
The business process model is executed under a set of pre-specified experimental conditions. The executions yield output data that is recorded and compiled. The results of the simulation output analysis are often used to make process reengineering decisions. Suppose that the utilization of the Receiving Officer is found to be 97%.
Suppose further that there are two Purchase Agents assigned to the activity Generate Purchase Order and that their average utilization is only 30%. The situation suggests that one of the Purchase Agents is re-assigned (with some retraining, if necessary) to the Receive Material activity.
Acquire Workflow Process Descriptions
Workflow processes are normally distinguished from the more general business process in that they are generally centered around the flow of a single information artifact (work-item) that triggers, enables, or controls an instance of the business process. In more complex cases, a workitem in a workflow may tie together multiple business processes. Thus, workflow processes support the execution of the business process. In WADE, knowledge about the workflow processes is acquired using the IDEF3 process description capture method. Workflow process descriptions contain information about the workflow applications that are used within the enterprise operational environment, the information needed to launch these applications, and routings between these applications. Workflow processes are subsumed by the business processes that they support.
Often, business process descriptions are acquired prior to the workflow process descriptions (see the dotted arrow in Figure 2 
Design Workflow Execution Models
A workflow execution model is a representation of a workflow process that can be directly executed by a workflow engine.
An IDEF3-based description of the workfiow execution model specification for the "Generate Purchase Order" activity is shown in Figure 4 . Note, that in general, workflow systems will cut across multiple business functions. Thus, the workflow specification illustrated in this example may need to be extended to include accounts receivable and invoicing (business) processes associated with activity boxes "Receive Material" and "Send Payment" in Figure 3 . In particular, workflow model design involves activities such as identifying the information objects that are managed by the work and their attributes, identifying the sequence of the workflow, characterizing the information transformations that are performed during the work performance, etc.
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Execute Workflow
The workflow model specifications are used to generate the workflow system. The worlcflow system is used to automate the flow of work. A sample sequence of work activities that will be invoked by XYZ's procurement process workflow system are: 1) receive the material request information, 2) determine that a purchase order must be placed, 3) retrieve material information from the Inventory Database, 4) retrieve supplier information from the Supplier Database, 5) merge information from 3) and 4) to create a purchase order, and 6) dispatch the electronic purchase order through XYZ'S Value Added Network (VAN) to suppliers. Note that these activities may only be partly automated. For example, the decision to place an order (Step W2) may require a human to "sign-off."
While the work is being executed by the workflow system, data is collected to measure the performance of work. For example, the durations (times to complete) of the activities are recorded.
Statistical analysis such as distribution fitting and determination of mean and standard deviations are performed on the workflow data (for example, on the Benjamin, Marshall, and Mayeiactivity time data). This type of data is then fed back for use by the workflow simulation models (Figure 2 ). The analysis of performance data may also lead to the identification of workflow and business process improvement opportunities. Data analysis activities are supported by the Data Analyzer component of WADE.
WADE ARCHITECTURE
The conceptual architecture of WADE is shown in Figure 5 . WADE is a distributed software system that provides intelligent assistance for the design and analysis of workflow systems. WADE can be "plugged in" to different enterprises. The enterprise information systems that WADE supports are shown in It allows for the description of activities, the precedence and logical relationships between activities, and the objects that participate in these activities. The knowledge captured by this module will be used as the basis for subsequent business model and workflow model design activities.
This module has been implemented as a commercial tool, PROCAPTM. The Data Analyzer provides different kinds of data analysis support. Data analysis is used for 1) analyzing work performance data generated by the workflow systems and 2) analyzing output data generated from workflow simulations and business process simulations.
The Result Interpreter assists in the interpretation of the simulation data and the presentation of the analysis results in a form that facilitates decision making.
The Enterprise Information Systems box shown in Figure 5 refers to the set of software applications and databases that are invoked by the Workflow Engine. The Workflow Engine automatically manages the invocation of these application services in a distributed computing environment.
Note that these applications and databases are not part of WADE or the workflow system itself. Rather, they are part of the user enterprise environment.
The workflow system manages the sequencing and often the marshaling of necessary data for the applications. 
